Introduction
Recent cytogenetic and genetic findings have described the molecular mechanisms underpinning hematological cell malignant transformation and progression. 1 There are a number of well-established models for the cytogenetic and genetic classification of acute myeloid leukemia (AML) into different prognostic groups. 2, 3 Although the biological insight of AML has increased in the past decade, the discovery and assessment of novel discriminative biomarkers remain of utmost value for improving outcome predictions. 4, 5 A sizable amount of new data points to a vital role for the HOX family of homeobox genes in hematopoietic development. 6, 7 Increasing evidence and theoretical basis submit your manuscript | www.dovepress.com
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gao et al promulgated and attested that aberrant HOXA expression is functionally significant in myeloid transformation. One of them, HOXA9, part of the cluster on chromosome 7p15, is expressed under specific physiological and molecular environments in primitive hematopoietic cells of human origin and encodes a DNA-binding transcription factor that may participate in the regulation of gene expression, thus coordinate morphogenesis and differentiation. 8, 9 The expression pattern of HOXA9 in hematopoietic cells is specific to both lineage and differentiation stage. This expression is downregulated as blood cells differentiate, indicating a distinctive function in early hematopoiesis. 10, 11 An increasing amount of evidence demonstrated that HOXA9 overexpression maintains the self-renewal capacity of leukemic stem cells and blocks their differentiation, thus contributing to leukemogenesis and frequently occurring in association with 11q23 translocations and 11p15 translocations. [12] [13] [14] [15] Considering various expressions of HOXA9 in leukemic and normal bone marrow cells and its crucial role in the regulation of hematopoietic development and differentiation, clinical impacts of the HOXA9 transcript level and mutational status in adult AML, as well as the correlations with genetic aberrations, are not yet fully and systematically understood. In this study, we sought to characterize the clinical relevance of the HOXA9 transcript level and mutational status, followed by the correlation between HOXA9 aberrations with cytogenetic data, mutation status, and clinical prognosis. Besides, various AML studies have elaborated dysregulation of HOXA9, almost always in association with abnormal expression of its cofactor Meis homeobox 1 (MEIS1). 16, 17 In addition, a wide range of data suggests that HOXA9 and MEIS1 play a synergistic causative role in AML, although the molecular mechanisms leading to transformation by HOXA9 and MEIS1 remain elusive. [18] [19] [20] Hence, in this study, the expression level and mutational status of MEIS1 were also detected in patients with AML with the aim of a deeper understanding about the homeodomain-containing transcription factors contributing to leukemogenesis.
Materials and methods
Patient samples
A total of 258 patients with newly diagnosed AML and 25 healthy donors attending China-Japan Friendship Hospital, Chinese PLA General Hospital, and the First Affiliated Hospital of Chinese PLA General Hospital between July 2006 and March 2015 were enrolled in this study. The study was approved by the ethics committees of the ChinaJapan Friendship Hospital, Chinese PLA General Hospital, and the First Affiliated Hospital of Chinese PLA General Hospital. Written informed consent was obtained from each patient for sample preservations and aenetics analyses. Diagnosis and classification of AML were made according to French-American-British (FAB) cooperative group's criteria. Available clinical characteristics were age, sex, FAB subtype, white blood cell and platelet counts, amount of bone marrow blasts, and hemoglobin levels. All patients with non-M3 AML received intensive induction therapy with daunorubicin and cytarabine or mitoxantrone and cytarabine or decitabine (demethylating treatment) followed by consolidation therapy with cytarabine-based therapy. For M3 patients with t(15;17), all-trans retinoic acid and arsenic trioxide-based treatment was given for induction and consolidation therapy, of which five patients were treated with cytarabine-based therapy as a part of consolidation for high-risk diagnosis. Twenty-nine patients underwent allogeneic hematopoietic stem cell transplantation and 26 patients received autologous hematopoietic stem cell transplantation. The clinical characteristics of the patients are described in Table 1 .
clinical end points
Complete remission (CR) was defined as recovery of morphologically normal bone marrow and blood counts and no circulating leukemic blasts or evidence of extramedullary leukemia. Relapse was defined as $5% bone marrow blasts, circulating leukemic blasts, or the development of extramedullary leukemia. Overall survival (OS) was calculated from the date of diagnosis until the date of death and was censored for patients who were alive at the last follow-up. Relapse-free survival (RFS) was defined as the time from the date of CR until the date of relapse or death regardless of cause and was censored for patients who were alive at the last follow-up.
Karyotype analysis
Cytogenetic analysis was performed in bone marrow samples that were obtained during diagnosis using a direct method or short-term culture. Cytogenetic reports were independently reviewed by two expert cytogeneticists who were blinded to the patients' clinicopathological information. Metaphase chromosomes were banded by G-banding techniques, while chromosomal abnormalities were described according to the International System for Human Cytogenetic Nomenclature. 21 The diagnosis of normal cytogenetics or cytogenetic aberrations was based on the analysis of $20 metaphases in specimens. Complex cytogenetic abnormalities were defined as the presence of at least three unrelated cytogenetic abnormalities in one clone. According to the published criteria adopted by Southwest Oncology Group, cytogenetic Note: The 75th percentile of HOXA9 expression in the total population was used as the cutoff point to define lower and higher expression groups. Abbreviations: aMl, acute myeloid leukemia; WBc, white blood cell; FaB, French-american-British cooperative group; Da, daunorubicin and cytarabine; Ma, mitoxantrone and cytarabine; ia, idarubicin and cytarabine; allo-PBscT, allogeneic peripheral stem cell transplantation; auto-PBscT, autologous peripheral stem cell transplantation; cr, complete remission.
abnormalities were grouped as favorable, intermediate, and unfavorable. 22 Patients with chromosome 5 or 7 abnormalities and inv(16)/t(16;16) and 11q23 abnormalities were confirmed by fluorescence in situ hybridization (FISH).
reverse transcription and real-time quantitative polymerase chain reaction
Bone marrow mononuclear cells were purified by density centrifugation using the standard Ficoll-Hypaque method. Total RNA was isolated from bone marrow mononuclear cells using Qiazol isolation reagent (Qiagen NV, Venlo, the Netherlands) and subsequently reverse transcribed to cDNA using a reverse transcription kit (Promega Corporation, Fitchburg, WI, USA).
We performed real-time quantitative polymerase chain reaction (qPCR) to quantify HOXA9 and MEIS1 transcripts in samples from all patients using the HOXA9, MEIS1, and ABL1 primers and probes shown in Table S1 . The qPCR protocol was performed in a 40 μL volume with TaqMan Universal Master Mix (Thermo Fisher Scientific, Waltham, MA, USA), 0.25 μM appropriate primers and probes, and 20 ng of cDNA. The qPCR protocol included 40 cycles of denaturation for 15 seconds at 95°C and annealing for 60 seconds at 60°C. A standard curve was produced for the HOXA9 and MEIS1 gene by tenfold serial dilutions of five different plasmid concentrations. Relative HOXA9 and MEIS1 expression levels were calculated as the ratio of copies of HOXA9 or MEIS1 and ABL1. For all qPCR assays, a reference dilution was analyzed, and the standard curve was loaded over this reference dilution range.
Detection of gene mutations
All coding exons of the longest known HOXA9 and MEIS1 genes were amplified from genomic DNA by PCR and were analyzed by direct sequencing. Other mutation analyses were performed for hyperfrequency mutational sites of ASXL1, CEBPA [23] [24] [25] [26] [27] [28] [29] [30] The primers for sequencing are listed in Table S2 . PCR fragments were sequenced directly and analyzed using Sequencing Analysis Software Version 5.3.1 (Thermo Fisher Scientific). Abnormal sequencing results were confirmed by at least two repeated analyses.
statistical analysis
The statistical analysis was performed using SPSS 20.0 software (IBM Corporation, Armonk, NY, USA). Chisquared analysis and Fisher's exact test (for categorical variables) were used to compare patient groups. The correlation between the frequency of HOXA9 expression levels and clinical parameters was analyzed with Pearson's and Spearman's rank correlations. OS curves were plotted using the Kaplan-Meier method and compared using the log-rank test. The median time between visits was 42 months (range, 8-89 months). Hazard ratios and 95% confidence intervals were estimated by Cox proportional hazards regression models to determine the independent risk factors associated with survival in multivariate analyses. For all analyses, P-values were two-tailed, and P,0.05 value was considered statistically significant.
Results
associations of HOXA9 and MEIS1 expression with hematological parameters
We measured the expression of HOXA9 and MEIS1 transcripts in a total of 258 patients with AML using qPCR. Occasionally, 25 healthy donors were also detected for expression of HOXA9 and MELSI. The mean expression levels of HOXA9 and MEIS1 in the AML samples were 50.58% and 60.34%, respectively, while those in the healthy bone marrow samples were only 3.74% and 2.23%, respectively. HOXA9 and MEIS1 expressions were significantly higher in patients with AML than in healthy bone marrow donors (Figure S1A and B; both P,0.001). In addition, HOXA9 expression levels were lower in de novo AML compared with those in secondary AML ( Figure 1A ; P=0.041), whereas this difference did not occur concerning MEIS1 expression levels in de novo AML compared with secondary AML ( Figure 1B) . Moreover, as shown in Figure 1C , HOXA9 expression levels were not equally distributed among the FAB subtypes. The patients with M3 had lower transcript levels than the individuals with the other FAB subtypes (P=0.043). However, MEIS1 expression levels did not demonstrate equivalent significant difference between FAB subtypes ( Figure 1D ). Among the whole group, Spearman's rank correlation showed that white blood cell count was significantly correlated with HOXA9 expression (Figure 1E ; P=0.001 and R=0.199). Nevertheless, no significant correlation was discovered of MEIS1 expression with white blood cell count ( Figure 1F ; P=0.086 and R=0.116).
Prevalence and clinical associations of HOXA9 and MEIS1 mutations
Of 258 patients, variations in the HOXA9 and MEIS1 coding sequence in eleven and nine patients, respectively, were identified. Mutations predicted to result in missense changes occurred most frequently and were distributed throughout all coding exons. Analyses of remission bone marrow samples showed that all evaluable mutations were conquered. Thus, the frequencies of HOXA9 and MEIS1 mutations in our cohort were 4.26% and 3.49%, respectively. The details of HOXA9 and MEIS1 mutations are shown in Tables S3 and S4 . Furthermore, associations of HOXA9 and MEIS1 mutations with pretreatment demographic, clinical, and molecular characteristics were analyzed, and no significant differences were exhibited (data are not shown). Moreover, KaplanMeier analysis indicated that impacts of HOXA9 and MEIS1 mutations on clinical outcome with non-M3 patients did not denote significant differences (RFS: P=0.119 and P=0.263, respectively; OS: P=0.113 and P=0.141, respectively). The data are shown in Figure 2 .
Patients with higher HOXA9 transcript levels had specific clinical features
To further appraise the clinical impact of HOXA9 expression levels, the patients were divided into two groups according to the 75th percentile of the initial transcript levels. Clinical information such as age, platelet count, bone marrow blast count, and FAB classification was completely available for 258 patients (Table 1 ). Higher HOXA9 expression levels were underrepresented in FAB-M3 and closely associated with high white blood cell count, while there were no significant differences in age, sex, hemoglobin, platelet, or marrow blast levels between these two groups. The CR rate after one-cycle chemotherapy and 1-year relapse rate also exhibited remarkable differences between patients with higher HOXA9 expression levels and those with lower expression levels (85.1% vs 71.9% and 17.5% vs 29.6%, respectively).
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HOXA9 in acute myeloid leukemia higher HOXA9 expression levels were highly associated with unfavorable chromosome aberrations, MLL-PTD and EZH2 mutations Chromosomal data were available in all 258 patients at diagnosis, and clonal chromosomal abnormalities were detected in 116 patients (45%). The karyotype comparison of patients with lower and higher HOXA9 expression is shown in Table 2 . Patients harboring higher HOXA9 expression levels had higher frequencies of unfavorable chromosome aberrations, while the levels were underrepresented in the cytogenetic favorable group. In addition, higher HOXA9 Figure 1 relative expression of HOXA9 and MEIS1 in aMl. Notes: (A) HOXA9 expression levels were higher in de novo aMl than those in secondary aMl (P=0.041); (B) MEIS1 expression levels did not demonstrate significant differences between de novo aMl and secondary aMl (P=0.372); (C and D) HOXA9 and MEIS1 expression levels and FAB classification. The lowest median expression levels of HOXA9 were detected in patients with the M3 subtype (P=0.043), while no difference occurred in MEIS1 expression between FaB subtype; (E and F) among the whole group, Spearman's rank correlation showed that WBC counts were significantly correlated with HOXA9 expression in patients with aMl (P=0.001 and R=0.199). however, no significant correlation was discovered in MEIS1 expression (P=0.086 and R=0.116). *singular value. Abbreviations: aMl, acute myeloid leukemia; FaB, French-american-British; WBc, white blood cell. In non-M3 patients with AML, no significant differences were detected in rFs and Os (P=0.119 and P=0.113, respectively); (C and D) in non-M3 aMl cases, there were no differences between the patients with MEIS1 mutation and wild type in rFs and Os (P=0.263 and P=0.141, respectively). Abbreviations: rFs, relapse-free survival; Os, overall survival; aMl, acute myeloid leukemia.
transcript levels were associated with specific 11q23 abnormalities. In particular, of the nine cases with 11q23 translocations, eight cases were among the patients with higher expression levels.
Next, to investigate the relationship of HOXA9 expression and gene aberrations associated with leukemogenesis, ASXL1, CBL, FLT3, IDH1, NRAS, RUNX1, TET2, DNMT3A, SF3B1, U2AF1, SRSF2, SETBP1, TP53, NPM1, EZH2, and KIT were detected. The spectrum of gene mutations in two groups is shown in Figure 3 . Significantly, patients with higher HOXA9 transcript levels had higher frequencies of MLL-PTD and EZH2 mutations than those with lower transcript levels (P=0.001 and P=0.048, respectively; Table 2 ). Eleven patients harbored MLL-PTD, including eight patients in the higher-level group and three patients in the lower-level group. Furthermore, 12 patients had an EZH2 mutation, six patients in the group with higher HOXA9 expression levels.
Prognostic value of HOXA9 expression in the context of other predictive molecular markers
We analyzed RFS and OS in patients with higher HOXA9 transcript levels versus those with lower HOXA9 transcript levels. Kaplan-Meier analyses and log-rank test showed that higher HOXA9 transcript levels in AML indicated shorter RFS and OS compared with lower transcript levels b Patients may be counted more than once owing to the coexistence of more than one cytogenetic abnormality in the leukemic clone. Abbreviations: aMl, acute myeloid leukemia; t, translocation; inv, inverse; del, deletion; abn, abnormality. Figure 4A and B) . Similarly, in non-M3 AML, patients with higher HOXA9 transcript levels had inferior RFS and OS than those with lower transcript levels (P=0.015 and P=0.013, respectively; Figure 4C and D).
In multivariate analysis (Table 3) , including variables significantly associated with clinical outcome, the independent poor risk factors for RFS and OS were age .60 years, secondary AML, unfavorable karyotype, higher HOXA9 expression, CEBPA mutation, RUNX1 mutation, EZH2 mutation, SRSF2 mutation, FLT3-ITD, and MLL-PTD. Among the patients with AML, higher HOXA9 expression level was still an independent poor prognostic factor for OS but not for RFS. The other independent markers included secondary AML, FLT3-ITD, MLL-PTD, EZH2 mutation, and RUNX1 mutation.
Furthermore, we analyzed survival in 142 patients with cytogenetically normal AML (CN-AML); RFS and OS differed significantly between patients with higher levels (n=32) and those with lower levels (n=110; P=0.024 and P=0.018, respectively; Figure 5A and B). According to the prognostic value of HOXA9 expression in 142 patients with a normal karyotype, higher HOXA9 expression level was entered into a multivariate model in addition to factors significantly associated with prognosis on univariate analysis for this population. HOXA9 higher expression levels and FLT3-ITD, Figure 4 Kaplan-Meier survival curves for RFS stratified by H0XA9 mrna expression in patients with aMl. Notes: (A and B) The survival curves stratified by HOXA9 mrna expression into two groups (higher HOXA9 expression group and lower HOXA9 expression group) according to the 75th value. in patients with aMl, the group with higher HOXA9 mrna levels had worse rFs and Os (P=0.014 and P=0.022, respectively); (C and D) in non-M3 aMl cohort, patients with higher HOXA9 mrna levels had shorter rFs and Os (P=0.015 and P=0.013, respectively). Abbreviations: rFs, relapse-free survival; aMl, acute myeloid leukemia; Os, overall survival. submit your manuscript | www.dovepress.com
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HOXA9 in acute myeloid leukemia MLL-PTD, and RUNX1 mutations were the independent prognostic parameters for RFS and OS.
Discussion
Genetics play an increasingly important role in the risk stratification and individualized therapy of AML patients. 31, 32 During the past few years, HOXA9 aberrations, as well as its cofactors MEIS1 dysregulation, have been gradually investigated in AML, including their clinical intimation. [33] [34] [35] [36] [37] However, very few studies have systematically reported on the role of HOXA9 mutational status and mRNA expression levels in adult AML, especially the correlation with the other
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gao et al mutation status. 38 In this study, we sequenced the coding region of HOXA9 and MEIS1 genes from 258 AML cases, and only eleven cases were detected with HOXA9 mutations and nine cases with MEIS1 mutations. Although no significant associations were unearthed with clinical characteristics and survivals, it at least gave another new light for the roles of HOXA9 and MEIS1 in AML. The relative low frequencies of HOXA9 and MEIS1 mutations provided the clue that they may be a rare molecular mechanism for the development of AML. Studies comprising a large number of cases for the roles of HOXA9 and MEIS1 mutations in AML would give a new interesting perspective.
Meanwhile, we analyzed HOXA9 and MEIS1 expression levels by qPCR in patients with AML as well as healthy donors. We investigated the disaccord of clinical correlations of these two gene expression levels with clinical parameters. This provided gradually verified knowledge that aberrant expression of MEIS1, as a cofactor of HOXA9, is involved in leukemia transformation. Because this study focused on the clinical impact and mutational associations of HOXA9 expression, we have only a brief analysis concerning the correlations of the MEIS1 gene with clinical characteristics. It is worth noting that HOXA9 expression differed according to cytomorphological AML type, with the lowest expression occurring in M3. The low HOXA9 expression in AML M3 remains unexplained. HOXA9 is expressed in the hematologic stem cell and immature progenitor compartment but is transcriptionally downregulated upon the induction of terminal differentiation. 10, 11 Thus, a possible explanation could be that AML M3 is characterized by a more differentiated blast population.
Similar to a previously mentioned study, 39 higher HOXA9 transcription level was closely correlated with 11q23 translocation and MLL-PTD in our study. In this study, MLL-PTD was found in only 4.26% of the total AML cohort, which was consistent with a previous report. 40 Comparative analysis of gene expression profiles in human acute leukemia implicated upregulation of a series of HOX genes, including HOXA9, which were fully accredited as direct binding targets for MLL or MLL fusion protein as a pivotal mechanism of leukemic transformation. 41 Gene expression studies in murine models also demonstrated that HOX overexpression in the presence of MLL fusion initiated the occurrence of leukemia. 42 This gave a very important explanation regarding the HOXA9 high expression being highly associated with 11q23 abnormalities and MLL mutations.
The finding that high HOXA9 expression was closely associated with EZH2 mutation in this study was interesting and suggestive. Within the AML cohort with higher HOXA9 transcription levels, overrepresentation of the EZH2 mutation was ascertained, which may indicate that HOXA9 dysregulation coworked with EZH2 mutation contributes to the pathogenesis of leukemia. Khan et al reported that EZH2 mutations were characterized by decreased H3K27 trimethylation and increased chromatin relaxation at specific gene loci accompanied by higher transcriptional activity. One of the major downstream targets is HOXA9, which is being found to be overexpressed in cases with EZH2 mutations. 43 Further in-depth study of the molecular association between HOXA9 and EZH2 is required to confirm its expected molecular basis for targeted therapy.
To correlate HOXA9 expression levels with clinical outcome, we analyzed CR rate, relapse rate, RFS, and OS in the two groups with higher and lower HOXA9 expression levels. Notably, higher HOXA9 expression levels predicted a reduced one-cycle CR rate and an increased 1-year relapse rate. Mohamad Ismail et al found that HOXA9 expression was a poor molecular indicator in chronic myelogenous leukemia, and a few other studies demonstrated that HOXA9 overexpression was a poor indicator. 11, 44, 45 It is inspiring that by multivariate analyses, higher HOXA9 expression level indicated shorter OS but not RFS in the entire AML cohort. Moreover, it is worth noting that high HOXA9 expression independently predicted inferior RFS and OS in patients with CN-AML. This is the first study for analyzing HOXA9 expression levels coordinated with gene mutations associated with AML. A growing number of reports ascertained that RUNX1 mutations and FLT3-ITD are frequently mutated in de novo AML and had strong adverse prognostic effects in AML. [46] [47] [48] [49] In this study, RUNX1 mutation and FLT3-ITD were still the independent poor prognostic factors for survival in AML and CN-AML. With continued advances in understanding clinical associations of the HOXA9 gene, there is a wealth of opportunity for developing individualized therapy.
An increasing body of evidence supports the notion that HOXA9 aberrations are frequent and critical, which is crucial to the induction and maintenance of the malignant phenotype. Although no significant correlations of HOXA9 mutations with clinical characteristics and survivals were found in this study, this provided a little more perspective about HOXA9 in leukemogenesis. Furthermore, this study gave logical evidence that higher HOXA9 expression level correlated with specific clinical characteristics and gene mutation status and functioned as a strong prognostic marker for therapy response as well as survival in patients with AML. Therefore, OncoTargets and Therapy 2016:9 submit your manuscript | www.dovepress.com
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HOXA9 in acute myeloid leukemia pretreatment screening for HOXA9 transcript level should be considered in patients with newly diagnosed AML to better guide risk assessments and therapeutic approaches.
